Introduction
In pigs, ovarian follicles enter ovulatory or degenerative pathways between day 14 and day 18 of the oestrous cycle (Clark et al, 1982; Foxcroft and Hunter, 1985) . We reported that administration of insulin during this time increased ovu¬ lation rate (Cox et al, 1987) and decreased macroscopic signs of follicular atresia in cyclic pigs and in pigs treated with pregnant mares' serum gonadotrophin (PMSG) (Matamoros et al, 1990 (Matamoros et al, , 1991 . Untreated (Kirchick et al, 1978;  Djursing et al, 1982; Katayama et al, 1984; Valdes et al, 1991) .
However, there is evidence that complex paracrine control, involving growth factors and metabolic hormones, could account for follicular development in the absence of changes in gonadotrophins (see for example, Tonetta and diZerega, 1989) .
Meurer et al (1991) did not observe any negative effect of diabetes on circulating gonadotrophins in PMSG-treated gilts; in fact, in two gilts LH concentrations increased 72 h after PMSG. However, PMSG-induced follicular growth is known to be associated with low LH and FSH concentrations (Flowers et al, 1989) . Furthermore, follicular growth induced by exo¬ genous gonadotrophins exhibits distinct functional differences from that in cyclic gilts (Wiesak et al, 1990) . The major objective of the present experiments was therefore to evaluate the effects of insulin withdrawal on preovulatory follicular growth (Expts 1 and 2), ovulation (Expt 2), and associated gonadotrophin concentrations (both Expts) in cyclic gilts. A secondary objective was to determine whether intrafollicular influences of diabetes on steroids and IGF-I were reflected in secretion of hormones into the ovarian venous circulation (Expt 1).
Materials and Methods

Experiment 1
Eight crossbred (Yorkshire Duroc) gilts that had been unilaterally ovariectomized before puberty as part of a previous study (Meurer et al, 1991) were used during their third postpubertal oestrous cycle. Four gilts were non-diabetic (144 ± 6 kg body mass at the time of this study) and four were streptozocin-induced diabetic (139 + 6 kg body mass). Briefly, diabetes was induced between 8 and 12 weeks of age, and gilts were maintained on continuous insulin therapy until the present experiment, except for a period of 4 days after the induction of follicular development with PMSG at 151 + 4 days of age as part of the previous experiment (Meurer et al, 1991 (Carson et al, 1979 1987) . Intra-and interassay coefficients of variation were 6.4% and 11.2%, respectively. Sensitivity of the assay was 0.3 ng ml"1.
Concentrations of IGF-I in peripheral serum, follicular fluid, and ovarian venous serum were assayed according to validated procedures (Houseknecht el al, 1988; Matamoros et al, 1991) with the exception that 48 h after adding the tracer hormone, Fig. 3 ). Mean LH peak amplitude (1.3±0.3ng ml"1), overall mean (0.7 +0.1 ng ml"1), and mean baseline concentration (0.4 ± 0.1 ng ml"1) were similar for diabetic and non-diabetic gilts.
There was no effect of treatment on concentrations of either progesterone or oestradiol in peripheral serum. Diabetic and normal gilts averaged 16.1 and 19.5 ng ml"1 (SEM = 5) for progesterone and 4.6 and 3.S pg ml~: (SEM = 1) for oestradiol, respectively. Serum testosterone increased after removal of insulin treatment (treatment by time interaction, < 0.02; Fig.   4 ). Over all sampling times, testosterone in serum of diabetic gilts averaged 0.07 ng ml" and in non-diabetic gilts 0.02 ng ml"1 (SEM = 0.01).
In ovarian vein serum on day 18, concentrations of oestra¬ diol (0.20 and 0.10 ng ml"1; SEM = 0.09), testosterone (0.21 and 0.14 ng ml"1; SEM = 0.09) and progesterone (22.5 and 19.2 ng ml ; SEM = 5) in non-diabetic and diabetic gilts, respectively, were similar. Diabetic gilts had lower IGF-I concentrations in ovarian vein serum than did normal gilts (36 (Table 4) . Peripheral concentrations of immunoreactive IGF-I were lower (P < 0.05) in diabetic gilts, and they did not change at oestrus in non-diabetic gilts (Fig. 5) .
Of the group of gilts that were given the opportunity to exhibit oestrus, all non-diabetic gilts and no diabetic gilts were observed in oestrus. Concentrations of LH on day 18 were similar for normal and diabetic gilts (1.5 + 0.3 ng ml"1). However, normal gilts had preovulatory surges (peak magni¬ tude 4.4 ± 0.3 ng ml~: ) that were preceded by sustained increases in oestradiol concomitant with behavioural oestrus (Fig. 6) Fig. 7a, c) or three (n = 1; Fig. 7b ) sustained increases in LH which were smaller in peak magnitude (2.9 + 0.3 ng ml ; < 0.05) than preovu¬ latory surges in non-diabetic gilts, but larger than LH concen¬ trations on day 18 (P < 0.05). One diabetic gilt (Fig. 7b) (Howell et al, 1992) . Follicles collected on day 18 in normal and diabetic gilts were less developed in Expt 2 than in Expt 1, but this difference is attributed to natural variation in follicular development rather than to any difference in experi¬ mental methods.
In Expt 1, acute onset of untreated diabetes decreased the proportion of follicles^3 mm, which are presumed to contain the ovulatory population (Clark et al, 1982) . Follicular devel¬ opment in Expt 2 appeared to be at a less advanced stage overall than in Expt 1, although atresia was increased com¬ parably with Expt 1. These results are consistent with earlier work in which the presence of insulin was negatively associ¬ ated with follicular atresia (Matamoros et al, 1990 (Matamoros et al, , 1991  (Meurer et al, 1991) . The steroid differences occurred in follicles that appeared healthy; however, biochemical indications of decreased steroid production pre¬ cede macroscopic signs of atresia (Moor et al, 1978; Terranova, 1979) . The lowered ratios of oestradiol to progesterone and to testosterone in follicles ? 7 mm also indicate that steroidogen¬ esis is most impaired in the largest follicles. Insulin has been demonstrated to affect ovarian transport of glucose (Allen et al, 1981; Otani et al, 1985 In ovariectomized streptozotocin-diabetic rats, the adrenals have been implicated as a source of testosterone (Learning et al, 1982) .
In Expt 1, although steroid concentrations were similar in diabetic and non-diabetic gilts except when diameters werê 7 mm, IGF-I was significantly lower in all sizes of follicles of diabetic gilts compared with those of non-diabetic gilts. In Expt 2 the small number of large-sized follicles prevents a direct comparison, but IGF-I was low in the follicles available from diabetic gilts. In our previous study (Meurer et al, 1991) , IGF-I concentration receptor crossreactivity and possible hybridization of receptors (Adashi et al, 1985;  reviewed by Cohick and Clemmons, 1993) .
However, IGF-I increased FSH-stimulated oestradiol produc¬ tion in vitro, whereas insulin promoted only progesterone secretion (Maruo et al, 1988 (Hammond et al, 1988) and cattle (Echternkamp et al, 1990) . However, it has been demonstrated that granulosa cells produce IGF-I in pigs (Hammond et al, 1985) and rats (Oliver et al, 1989; Hatey et al, 1992) . Diabetes mellitus decreased mRNA for IGF-I when examined in nonreproductive tissue from rats (Bornfeldt et al, 1989) and pigs (Leaman et al, 1990) , so it is possible that insulin modulates granulosa cell IGF-I synthesis in the same way. Modulation of IGF-I and its binding proteins is associated with gonadotrophin-stimulated follicular development of pigs (Mondschein et al, 1990; Samaras et al, 1992) . These results contrast with those for diabetic rats, in which preovulatory LH concentrations were decreased, ovulation was prevented (Kirchick et al, 1978 (Kirchick et al, , 1982 Katayama et al, 1984) and LH pulse frequency was decreased (Dong et al, 1991) , and for diabetic humans, in which LH pulse frequency was also reduced (Djursing et al, 1985) . The fact that pulsatile secretion of LH was at a higher frequency in diabetic cyclic gilts in the study reported here is even more paradoxical considering that testosterone was increased and negative feedback effects on LH could be expected, on the basis of studies with male diabetic rats (Chandrakeshar et al, 1991) . In addition, loss of body mass comparable to that reported here, but achieved through nutrient restriction, has been shown to decrease LH pulsatility in gilts (Armstrong and Britt, 1987 GnRH involve longer durations (3 weeks or greater) than the present study, so they are not comparable to the relatively short duration of diabetes mellitus used here (Bestetti et al, 1985 (Bestetti et al, , 1989 Valdes et al, 1991) .
We conclude that the reduced growth of follicles, abnormali¬ ties in follicular steroidogenesis, and failure to ovulate are consequences of the acute onset of diabetes during the period of preovulatory follicular growth and are evident 6 days after removal of insulin treatment. The lack of insulin was associated with lowered IGF-I concentrations in peripheral and intraovarian pathways, and the major consequences were increased incidence of macroscopic atresia and decreased oestradiol production. The acute effects of insulin withdrawal evidenced in the follicle appear to be direct because they were not preceded by negative effects on the hypothalamo-pituitary axis. We therefore conclude that atretic processes increase in ovarian follicles in response to the removal of insulin and that these local changes are probably independent of circulating gonadotrophins.
